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Abstract: The article proposes a method of multipurpose optimization of the size of an autonomous
hybrid energy system consisting of photovoltaic, wind, diesel, and battery energy storage systems,
and including a load-shifting system. The classical iterative Gauss–Seidel method was applied
to optimize the size of a hybrid energy system in a remote settlement on Sakhalin Island. As a
result of the optimization according to the minimum net present value criterion, several optimal
configurations corresponding to different component combinations were obtained. Several optimal
configurations were also found, subject to a payback period constraint of 5, 6, and 7 years. Optimizing
the size of the hybrid power system with electric load shifting showed that the share of the load not
covered by renewable energy sources decreases by 1.25% and 2.1%, depending on the parameters of
the load shifting model. Net present cost and payback period also decreased, other technical and
economic indicators improved; however, CO2 emissions increased due to the reduction in the energy
storage system.

Keywords: renewable; demand response; wind turbine; photovoltaic system; storage; diesel

1. Introduction

An important part of global sustainable development is the creation of an environ-
mentally friendly energy sector [1]. In this regard, renewable energy sources (RESs) are
widely developed in the world, the most common types of which are wind power systems
(WPSs) and photovoltaic systems (PVSs) [2,3]. Their total installed capacity in the world
reached 1398 GW in 2020 [4].

Significant reserves of oil, gas, and coal and their availability have predetermined
Russia’s own model of energy development. Therefore, the installed capacity of RESs in
Russia, except for hydroelectric power plants, consists almost entirely of WPSs and PVSs
and amounts to 1.12% in 2021. A similar figure for Germany is 60.1% (all types of RESs)
and 54% (only WPSs and PVSs). However, changes in the energy complex structure in
recent years have become more noticeable: for example, in 2020, for the first time in 5 years,
there was a decrease in the total installed capacity of thermal power plants (by 1320 MW),
almost equal to the growth of the installed capacity of RESs (by 1207 MW). It should be
noted that, in general, the Russian energy complex is low-carbon, as more than half of the
installed capacity of power systems is accounted for by hydropower and nuclear power
plants.

RESs play a special role in isolated energy systems, which make up 2/3 of the territory
of Russia with a population of about 10 million people [5]. RESs allow achieving not
only an environmental, but also an economic effect in remote settlements, mining, oil
and gas enterprises, exploration stations, etc., where diesel power systems (DPSs) were
conventional sources of electricity [6–9]. As practice shows, hybrid energy systems (HESs)
are more efficient if they combine several types of RESs or storage [10,11]. At present,
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the autonomous power supply of Russian settlements (excluding private generation of
enterprises) is provided by five wind-diesel HESs (WPS power capacity is from 450 to
2500 kW), one solar-diesel HES (PVS power capacity 1000 kW), and small solar-diesel HESs
(PVS power capacity 120 kW and less).

The topical task of the HES design is to optimize the composition of the main equip-
ment: the number and capacity of DGs, wind turbines (WTs), photovoltaic panels (PVPs),
battery energy storage system (BESS), etc., as well as the HES operating modes. Addi-
tionally, relevant is the development of various algorithms and solutions to improve the
technical, economic, and environmental performance of the system [12–14]. It is important
to note the need for a comprehensive approach to solving these problems since the assumed
system operating modes directly affect the choice of the size of the HES.

Many classical [2,10,15] and heuristic [11,16,17] methods for optimizing the size of the
HES are known. Powerful computer tools such as, HOMER and iHOGA, are known. They
are based on heuristic algorithms and are widely used in the practice of the HES design
and research [18–20]. A disadvantage of some of the proposed methods, including those
underlying some software packages, is the use of monthly average values of solar radiation
or wind speed. This reduces the accuracy of determining the solar and wind potential [2].
However, the use of hourly measured or simulated values of electrical load, solar radiation,
or wind speed is preferable for the optimization of the HES [11,21]. Another software
disadvantage is the incomplete control of the model, which is expressed by the impossibility
to make changes in the program, which limits the development of new strategies to control
the equipment.

At the same time, the possibility of a demand response is not considered in most
studies related to the HES size optimization. To the authors’ knowledge, only a few studies
have been conducted with respect to evaluating the effect of load shifting on the sizing
optimization [20,22,23]. This is investigated in [23], which shows how the use of demand
response affects the optimal size of an HES and its economic indicators that compose the
net present cost (NPC). However, in the study, the load expectation loss is zero, all energy
sources are renewable, and environmental performance could not be considered. The
study [20] presents the results of the optimization of an autonomous HES with and without
the use of electrical load control. It is shown that the optimal size of the BESS is reduced and
the technical, economic, and environmental performance of the HES is improved. However,
this article does not present a methodology for adjusting the electrical load schedules
and considers a conditional example of a modified load schedule. A recent paper [22],
noted a novel approach to the optimization of an HES with regard to the electrical load
control. It is shown that the use of a demand response can reduce the cost of electricity by
more than 20% and the investment in the BESS by about 10%. However, the impact of a
demand response on the optimal size of the HES has not been fully investigated. For a
system with and without load control, only the investment costs of the HES components
and the cost of energy are shown, while other economic and environmental indicators
are not considered. A paper [24], apart from HES sizing optimization, the scheduling
of particular household loads is addressed. In this work, optimal switching intervals of
several appliances were found, and the size of the HES was optimized after this. In a
study [25], a model is proposed for the sizing optimization of the small HES based on
a local resource assessment and demand side management. The load shifting process
was performed by shifting the water pump load to the night hours. As a result, the HES
size was reduced, and the main economic, technical, and environmental indicators were
improved. However, one combination of the HES components without a demand response
was found, which has almost the same objective function (cost of energy) value, due to the
fact that the load shifting potential in the case is limited. A significant amount of savings
in system sizes and costs obtained with a demand response strategy was performed in a
paper [26]. However, the work does not show how an increase in the number of shiftable
loads affects the optimal HES parameters. This article presents a method for optimizing
the size of an HES by minimizing the NPC. Several optimal configurations corresponding
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to various combinations of components were obtained: diesel, wind, photovoltaic, and
energy storage systems. The complete configuration was then re-optimized to account for
load shifting. The methodology for adjusting the load schedule was described. Attention
was paid to changes in various HES metrics, including CO2 emissions. A multipurpose
optimization was also carried out without considering the load control, in which case the
payback period (PB) was an additional constraint. At the end, a simulation of the behavior
of the HES for one day was carried out and the ability of the selected HES components to
provide power supply to the load was shown.

2. Materials and Methods

We propose the following method of optimizing the size of an autonomous HES with
a load shifting system in accordance with the algorithm shown in Figure 1.

Figure 1. Algorithm for multi-purpose optimization of the size of autonomous HESs with RESs and
load shifting system.

At the first stage, the sources and BESS optimal size selection were carried out without
taking the load shifting into account. Then, if the composition was optimized for the first
time, it was advisable to adjust an electrical load profile, for example, by allowing load
shifts for a certain time. Thus, the modified electrical load profile depended on the RES
generation schedule. The size of the HES must then be re-optimized with the modified
electrical load profile. The final choice of the HES configuration and the application of the
load shifting system was based on the obtained results of the two optimization calculations
and the expected costs for the integration of an intelligent load control system.

2.1. Optimization Method, Criteria, and Evaluated Indicators

The classical iterative Gauss–Seidel (coordinate descent) method was used to solve the
optimization problem. Its essence is the sequential adjustment of each optimized parameter
while keeping all other parameters unchanged. Adjustment of all parameters once is called
iteration. To find the objective function minimum, it is necessary to repeat iterations until
each optimized parameter stops changing.

Several optimal HES configurations were determined depending on the type of sources
used. The inclusion of the DPS in the HES was indicated in the name of the configuration
as D; WPS—W; PVS—PV; BESS—B. Configurations of HES with BESS were obtained by
matching the optimal number of batteries to the optimized HES without BESS.

The NPC was chosen as the main optimization criterion in this paper. It was deter-
mined by the Formula [27]:
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MinimizingNPC = CAPEX +
Tmax

∑
T=1

OPEX · (1 + r)T , (1)

where CAPEX and OPEX are the capital and operational expenditures, respectively, EUR,
T is the year, Tmax is the HES life cycle duration, r is the discount rate, %.

CAPEX includes the initial cost of WTs, PVPs, batteries, inverters, and DGs, as well as
equipment installation costs. OPEX includes the cost of diesel fuel, overhaul of DGs, the
cost of operation and maintenance of DGs, the cost of battery replacement, operating costs
to maintain WPS and PVS.

The PB of the configurations was determined in comparison with the basic configura-
tion (energy complex includes only DPS with optimized range of DGs). In a separate part of
the work, the PB was considered an additional objective goal for some HES configurations.
The choice of the optimal solution required expert decision and was often not obvious
when there were two conflicting criteria. Therefore, the main criterion was chosen, the NPC,
and PB was set in the form of a constraint. Thus, multi-target optimization was reduced to
single-objective optimization.

In addition to the CAPEX, OPEX, and NPC indicators, this study calculated the
levelized cost of electricity (LCOE) by the W:

LCOE =
NPC · (1 + r)T

Tmax
∑

T=1
E · (1 + r)T

(2)

where E is the generated electricity in kWh.
In the context of the global policy on decarbonization to contain the greenhouse effect,

HES environment indicators should be considered [28]. CO2 emissions were assumed to
be 3.15 kg CO2/L of diesel fuel [29]. The annual carbon tax was included in the HES OPEX
and, accordingly, the NPC.

2.2. Mathematical Modeling of HES Components

The energy balance equation in the considered HES can be expressed as:

PPVS + PWPS + PB − PL = 0, (3)

where PPVS, PWPS, PB, PL are power generation by PVS, WPS, electricity generation/consumption
by BESS, and the electrical load, respectively.

2.2.1. Photovoltaic System

Electricity generation by PVS [15] is as follows:

PPVS = mPVP · APVP · Gt · ηPVP · ηC · (1 − PH), (4)

where mPVP is the number of PVPs, APVP is the total PVPs area, Gt is the total solar
irradiation, ηPVP is the PVP efficiency, ηC is the conversion and transmission efficiency, PH
is the coefficient of decrease in the PVS production due to heating.

PH = KT · (TPVP − 25) · f1, (5)

where KT is the temperature coefficient of PVP maximum power derating, TPVP is the PVP
temperature, f 1 is the binary variable, f 1 = 0 when TPV ≤ 25 and f 1 = 1 when TPV > 25.

TPVP = Tamb + 0.0256 · Gt, (6)

where Tamb is the ambient temperature.
It was assumed that the PVS was not equipped with a solar tracking system.
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2.2.2. Wind Power System

WT electricity generation was formulated as below [10]:

PWPS =



0 V < VCI

mWT · ηWT · PratWT

(
V3 − V3

CI
Vrat3 − V3

CI

)
VCI ≤ V < Vrat,

mWT · ηWT · PratWT Vrat ≤ V < VCO
0 V ≥ VCO

(7)

where mWTis the number of WTs, V is the wind velocity at the hub height, VCI is the cut-in
speed, VCOis the cut-off speed; Vrat is the rated speed, Prat WT is the WT rated power, ηWT
is the WT efficiency, including electricity conversion and transmission.

2.2.3. Battery Energy Storage

This methodology searched for the optimal number of batteries of the selected type. It
was assumed that batteries were discharged by the nominal current.

The maximum power capacity of the battery in Wh can be expressed from the data
sheet as:

CWh = Vb · CAh, (8)

where Vb is the battery rated voltage, V, and CAh is the energy capacity in Ah.
Battery rated discharge power in kW were formulated as below:

Pbrat = Vb · Idrat, (9)

where Id rat is the rated discharge current, A. The rated charge power can be expressed
similarly with the use of a rated charge current. For example, for lithium-ion batteries
Liotech the rated discharge current was equal to the rated charge current.

Maximum BES system discharge power were formulated as below:

Pbmax = mb · Pbrat, (10)

where mb is the number of batteries. Depending on the system energy deficit and the BESS
status of charge, the BESS power for each hour was based on the values as below:

0 ≤ Pb ≤ Pbmax. (11)

The battery’s energy reserve at the beginning of the first interval was taken equal to
100%. The energy reserve at the beginning of subsequent intervals was equal to the energy
reserve at the end of the previous intervals as formulated below:

Cbeg(t + 1) = Cend(t). (12)

It was assumed that batteries operate at nominal temperatures, and self-discharge
which amounts to 2–3% of the nominal capacity per month is negligible. To determine the
BES life cycle duration, we considered the manufacturer’s information on the maximum
service life, as well as the number of cycles, which were determined in accordance with the
method of equivalent full cycles (EFC) [30].

2.2.4. Diesel Power System

One of the main DPS operational indicators is diesel fuel consumption. In various
studies, the following Formula is often used [10,16,31]:

FDG(t) = a1 · Prat. DG + a2 · PDG(t), (13)
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where FDG(t) is the DG fuel consumption per time interval, Prat.DG is the DG rated power,
PDG(t) is the DG load power, a1 and a2 are the empirical coefficients. So, for a DG with a
rated power of more than 20 kW, it was proposed to use the coefficients a1 = 0.0184 L/kWh
and a2 = 0.2088 L/kWh [31].

The analysis of the consumption characteristics of DGs from different manufacturers
showed that the coefficients in Formula (13) could not be used for all DGs. The dependence
of the diesel fuel-specific consumption on the DG load factor can either monotonically
decrease with load growth or have a minimum at about 75% of nominal load. Therefore, it
was proposed to specify the empirical coefficients of Formula (13) for the model range of
DGs considered for optimization.

In the method, the optimal number and installed capacity of DGs were selected. We
considered that a DPS generally consists of elements of unequal power, in contrast to a
PVS or a WPS. At each calculated iteration, not a particular DG (with its consumption char-
acteristics and price) was considered, but only the optimized parameters: the theoretical
power of a DG was changed. In this regard, it was necessary to use the function of the DG
cost on the rated power, which can be expressed by the quadratic dependence on the price
lists of equipment suppliers. When the database of DGs was created, the calculation could
be performed iteratively, using their individual characteristics.

2.3. Load Shifting Algorithm

The impact of the use of the electrical load control on the result of solving the HES
size optimization problem could be investigated by the load shifting adjusting according
to the proposed algorithm.

The proposed algorithm is shown in Figure 2. There are the following designations in
Figure 2: variable P is the power (load consumption or RES generation), and t is the time
interval number, and indices: L, RES, 1, 2 correspond to the load, RES, the value before load
shifting, the value after load shifting, respectively.

Figure 2. Load control algorithm with a load shifting of no more than 1 h interval.

If the RES power was less than the load power in the considered time interval t, then
the predicted RES power and the predicted load power in the next interval t + 1 were
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compared by analogy. If the RES power was less than the load power in the next time
interval t + 1, then part of the power of the current interval was carried over to the next
one. In this case, two options were possible: all the required power was transferred to the
next interval, and the interval t no longer had a power deficit, or only a part of the load
power, limited by the RES power reserve of the next interval t + 1, was transferred.

In addition to the algorithm shown in Figure 2, an algorithm for the load shifting up to
2 h intervals was also considered. In this case, if the load shifting by one-hour interval did
not allow to eliminate the deficit, the shifting of the remaining load part to the second-hour
interval was considered.

The influence of the restriction of the shifting load power share on the efficiency of
load control was also investigated.

3. Case Study
3.1. General Information on the Research Object

The Novikovo settlement is located in the southern part of Sakhalin Island. Novikovo
became widely known in the country for the discovery of such a rare metal as germanium
in coal. The extraction of coal with germanium and mudstones continued from 1966 to
2005, and 950 tons of the valuable metal were extracted. Given the importance of coal in
the energy balance of the region, the production of which on Sakhalin continues at other
deposits, and the high demand for germanium on the part of the industry, in the future, it
would be possible to resume production in Novikovo [32].

The Sakhalin Island energy system operates separately from the Russian United
Energy System. On the territory of the region, it is divided into autonomous power
systems: the Central and Northern power systems, the Kuril Islands power systems, and
the power systems of remote Sakhalin settlements.

There is a DPS in Novikovo, which has two Caterpillar DGs with a rated power of
508 kW each and five DGs with a rated power of 800 kW each (in reserve). In 2015, two
WTs were integrated into the power grid, each with a rated power of 225 kW.

The electrical load power, averaged over an hourly interval, varied from 176 to 376 kW
during the year, with an average of 288 kW. Twelve daily load profiles with an average of
1 h for each month of the year were used as input data, four of which are shown in Figure 3.
The daily load profiles for each month were provided by the power supply company, so
only schedules averaged over 1 h intervals were available.

Figure 3. Daily load profile for Novikovo in February, May, July, and October.

Annual wind speed and insolation profiles averaged over 1 h during one year were
used as input data on the wind and solar energy potential [33]. Profiles for a longer period
could be used as input data on wind and insolation, and then the proposed model would
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take into account the averaged meteorological values for a longer time interval. If the load
profile averaging interval was reduced and power consumption was shifted to shorter
intervals, such as 30 or 15 min, the wind and insolation profiles should also be averaged
according to the length of the load profile interval. This would improve the accuracy but
would not conceptually change the approach outlined in this paper.

The duration of the HES life cycle was taken to be 25 years. Usually, this period is
chosen based on the service life of RES-based power systems (20–25 years).

3.2. Specifications of the HES Components

Before sizing optimizing, it was necessary to prepare information about the main
HES equipment: select the model range of DGs and models of WTs, PVPs, batteries and
inverters.

3.2.1. Specifications of the PVPs

The main characteristics of some PVPs of the largest Russian manufacturer, Hevel, are
shown in Table 1.

Table 1. Main characteristics of PVPs.

PVP Model Rated Power,
W

Price,
EUR Dimensions, m Efficiency, % KT,

%/◦C

HVL-330/HJT 330 174 1.671 × 1.002 19.70 0.285
HVL-395/HJT 395 212 1.996 × 1.002 19.75 0.285
HVL-125/O 125 53 1.300 × 1.100 8.74 0.29

Although Hevel already manufactures modules with 22.7% efficiency, there are still
modules with an efficiency up to 19.75% in the mass segment. Therefore, HVL-395/HJT,
with the highest energy efficiency of this manufacturer, were chosen as PVPs.

3.2.2. Specifications of the WTs

The main characteristics of some Vestas WTs are shown in Table 2.

Table 2. Main characteristics of WTs.

WT Model Rated Power,
kW

Hub Height,
m

Speed, m/s Price,
EUR

Specific Price,
EUR /kWCut-In Rated Cut-Off

Vestas V25 200 30 3.5 11,5 25 148,900 750
Vestas V27 225 30 3.5 14 25 166,000 740
Vestas V47 660 65 4 15 50 455,800 690
Vestas V66 1650 дo 80 4 15 50 950,500 580

Vestas V27 was chosen in the calculation because such WTs are use in Novikovo
nowadays.

3.2.3. Specifications of Batteries

The main characteristics of some batteries are shown in Table 3.
Some critical characteristics of the considered batteries are shown in Figure 4, where

specific capital investments, the number of charge/discharge cycles, and the maximum
depth of discharge were plotted along the radar diagram axes in relative units.

The batteries of the Russian companies SSK and Liotech were the most acceptable in
terms of capital costs, while the batteries of FIAMM (Ni-NaCl) and Liotech were preferable
in terms of service life. Thus, lithium-ion batteries by Liotech were chosen as the main
element of the HES BESS.
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Table 3. The main characteristics of some batteries.

Parameter Battery

Manufacturer Liotech FIAMM FIAMM SSK Exide

Model LFP270 SONICK 48TL160H 12SMG130 6-GP-180 PC12/180 FT

Type Lithium-ion Nickel-saline Lead acid

Characteristics

Capacity, Ah 270 160 130 180 165

Rated discharge current, A 54 40 13 18 16.5

Voltage, V 3.2 48 12 12 12

DoD, % 70 80 60 60 60

Number of cycles 3000 4500 1600 N.I. 1600 (C10)

Weight, kg 10 105 54 63 58

Operational temperature, ◦C 0 . . . +50 (C)
−40 . . . 50 (D) −25 . . . +60 +10 . . . +30 +10 . . . +30 +10 . . . +30

Price, EUR 310 11,400 830 360 790

Calculated characteristics

C1 max, kWh 0.9 7.7 1.6 2.2 2.0

Rated discharge power, kW 0.173 1.920 0.156 0.216 0.198

Specific price, EUR /kWh 345 1480 520 165 395

Figure 4. Some critical batteries characteristics.

3.2.4. Specifications of the DGs

The main characteristics of some DGs based on the Russian engine’s manufacturer
YMZ are shown in Table 4.

A computer program was written to determine the coefficients of Formula (13) in
the mathematical modeling system GAMS. The program searches for the coefficients
minimizing the difference between the squares of the passport flow rate and the flow rate
calculated by the approximating Formula (13). As a result, the dependence of the diesel
fuel consumption on the rated power and the current load of YMZ DG, produced in a
standard size from 60 to 400 kW, can be represented in the following form:

FDGYMZ(t) = 0, 0101 · Prat. DGYMZ + 0, 2654 · PDGYMZ(t), (14)

where FDG YMZ(t) is the fuel consumption per 1 h, Prat. DG YMZ is the DG rated power,
PDG YMZ(t) is the DG load in kW.



Energies 2021, 14, 5059 10 of 18

Table 4. The main DGs characteristics of YMZ.

Rated Power,
kW

Engine Model Price, EUR
Diesel Fuel Consumption (L/h)

When the Load Is . . .
50% 75% 100%

60

YMZ

AD-60-T400 11,270 9.3 11.6 16.3
100 AD-100-T400 10,700 16.8 24.1 31.4
200 AD-200-T400 15,600 29.3 42.6 56.1
240 AD-240-T400 16,600 34.8 50.7 66.9
320 AD-320-T400 31,700 45.9 66.9 88.2
400 AD-400-T400 33,700 55.6 81.6 108.1

3.3. Economic and Environmental Parameters

The main parameters used in OPEX calculating are shown in Table 5.

Table 5. Basic economic parameters of the calculation.

Parameter Measure Value

Diesel price EUR/t 860
Discount rate % 7
DG’s resource before overhaul hours 25,000
DG’s overhaul cost % of DG’s CAPEX 10
Specific consumption of diesel engine oil g/kWh 0.5
Diesel engine oil price EUR/kg 6
Batteries cycles pcs. 3000
WPS OPEX EUR/kW/year 29
PVS OPEX EUR/kW/year 11.5
BESS OPEX % of CAPEX BES/year 1
Installation price (WPS, PVS, DPS) % CAPEX equipment 50
Installation price (BESS, inverters) % CAPEX equipment 25

The Emissions Trading System has been successfully operating in Europe since
2005 [34]. CO2 taxes differ significantly in countries where CO2 price regulation is adopted,
and they average USD30/t in the EU [35].

Russia still does not have a carbon dioxide tax. Nevertheless, the environmental aspect
is often taken into account in the design of new energy facilities in Russia. For example, the
ROSATOM Corporation, which is the Russian leader in the construction of nuclear power
plants and large wind farms, takes into account the carbon tax of USD6/t [36]. In the case
study, the carbon tax was also assumed to be USD6/t.

4. Results
4.1. Size Optimization without Load Shifting
4.1.1. Basic Configuration Selection (Only DPS)

The configuration of the HES consisting of DPS was the basic one. The DPS was
considered with one, two or three DGs. The total installed capacity of the DPS was taken
as 450 kW, which was 20% more than the maximum load power averaged for 1 h during
the year. The choice of standby was left outside the scope of this study. Table 6 shows the
main performance indicators of the HESs consisting only of DPSs.

Calculations showed that it was optimal to use three DGs of different capacities among
the configurations with 1–2–3 DGs. At the same time, the use of four and more DGs was
impractical based on the practice of designing such systems. Thus, the configuration with
three DGs was chosen as the basic.
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Table 6. Selection of the HES basic configuration.

Configuration Technical and Economic Indicators

DG Rated Power, kW Capex Opex (1-st Year) NPC LCOE CO2

DG1 DG2 DG3 Thousand EUR Thousand EUR Million EUR EUR/kWh t/Year

450 – – 71.1 522.1 33.27 0.208 1610
310 140 – 57.4 515.2 32.87 0.206 1591
240 140 70 51.6 512.9 32.70 0.205 1583

4.1.2. Optimization by NPC Criterion

Optimal parameters of the seven considered HES configurations are given in Table 7.

Table 7. Optimal parameters of the considered HES configurations.

N Config.
DPS WPS PVS BES

Rated Power, kW Number
of WTs

Power,
kW

Number
of PVPs

Power,
kW

Number of
Batteries

Capacity,
kWhDG1 DG2 DG3

1 D 240 140 70 – – – – – –
2 D/W 250 140 60 9 2025 – – – –
3 D/W+B 250 140 60 9 2025 – – 0 0
4 D/W/PV 240 140 70 7 1575 2520 995 – –
5 D/PV 240 140 70 – – 4360 1722 – –
6 D/PV+B 240 140 70 – – 4360 1722 4200 3780
7 D/W/PV+B 240 140 70 7 1575 2520 995 1480 1332

Technical and economic indicators of the considered HES configurations are given in
Table 8.

Table 8. Technical and economic indicators of the considered HES configurations.

N Configuration
Technical and Economic Indicators

CAPEX, Opex (1-st Year), NPC, LCOE, CO2, PB,
Thousand EUR Thousand EUR Million EUR EUR/kWh t/Year Years

1 D 51.6 512.9 32.70 0.205 1583 –
2 D/W 2966.2 283.4 20.97 0.131 694 9.2
3 D/W+B 2966.2 283.4 20.97 0.131 694 9.2
4 D/W/PV 3449.2 207.7 16.67 0.104 469 8.4
5 D/PV 2008.0 331.6 23.08 0.145 963 8.2
6 D/PV+B 3873.8 280.0 21.66 0.136 565 11.1
7 D/W/PV+B 4106.7 190.5 16.16 0.101 328 9.2

Any increase in the number of batteries in the D/W+B configuration only reduced
the insufficiently high intensity of battery use, while the NPC increased. In this regard,
the optimal D/W+B configuration degenerated into the D/W configuration, and the
integration of BES was not economically feasible. The analysis showed that a 100-lithium-
ion-battery integration into the HES resulted in 146 equivalent full battery cycles per year.
The actual number of discharge cycles was 177.

A different picture was observed in the case of the D/PV+B configuration. The
minimum NPC in this configuration was achieved with a large number of PVPs. The
integration of a small number of batteries into the HES also led to the NPC increase, but
this was not due to low battery usage, as in the case of the D/W+B configuration. Thus,
the integration of 100 batteries into the HES resulted in a higher number of equivalent full
cycles, which was 313. The actual number of discharge cycles was 329, i.e., almost any start
of the BESS discharge preceded its maximum discharge. According to calculations, due to
a large number of cycles during a life cycle, not one will BESS replacement be required, but



Energies 2021, 14, 5059 12 of 18

two BESS replacements. In the case of an iterative increase in the number of batteries when
the total capacity of the BESS reached 3.834 MWh, the intensity of the battery use decreased
so much that they could be replaced once in the middle of the HES life cycle (12–13 years
after installation). This led to a significant NPC decrease over the HES life cycle and showed
the optimal configuration according to the NPC criterion D/PV+B. A further increase in
the number of batteries is not economically feasible. Note that by introducing an additional
limitation (e.g., CAPEX), and integrating a smaller number of PVPs, the integration of an
even a small number of batteries into the HES up to a certain point could reduce the NPC,
including in the D/PV+B configuration.

Figure 5 shows the ratio of the main technical and economic indicators of the HES of
the considered configurations. In Figure 5, all indicators were expressed in relative units
and normalized relative to the largest indicator value among all configurations shown on
the diagram.

Figure 5. The main performance indicators of various configurations in relative units: CAPEX, PB,
NPC, LCOE, and annual carbon dioxide emissions (CO2).

In accordance with Figure 5, the D/PV+B configuration was the least acceptable option
among all configurations with RES as part of the HES. The D/W/PV+B configuration,
despite the highest CAPEX, had the highest fuel replacement rate, which has a positive
impact on the environmental performance and makes this configuration advantageous
in terms of sensitivity to CO2 fees or higher diesel prices. The D/PV configuration also
deserves attention due to the lowest CAPEX and a relatively short PB, but at the same
time, there was a fairly large volume of emissions and, as a result, a vulnerability in the
event of the introduction of tariffs on the CO2 production higher than those assumed in the
calculation.

4.1.3. Optimization by the NPC Criterion with Limited PB

Obviously, choosing one optimization criterion is not enough in practice. For example,
choosing only NPC to obtain an optimal D/PV/B configuration (not D/PV+B) requires
simultaneously increasing the BESS capacity and the PVS size, the NPC decreases, and
the PB and CAPEX increase. If only the PB was chosen as a criterion, it was reasonable to
choose the minimum number of PVPs, WTs, or batteries.

The relatively low rate of construction of the HES with RESs in Russia was explained,
among other things, by the long PBs, which are not attractive to private companies. To
attract investments for the RESs development in decentralized systems, the Government
developed the mechanism of energy-service contracts. This mechanism implies that the
power supply company enters into an energy service contract with an investor who first
finances the integration of RESs, over the next 10 years recovers the funds spent, and then
receives a profit, while the power supply company operates the HES at costs corresponding
to the costs before the integration of RESs. After 10 years, the integrated equipment
becomes the property of the power supply company, which begins to receive economic
benefits.
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Thus, it is advisable to carry out an optimization according to the selected criterion
with limitations on the PB. Within the framework of this study, optimization was carried
out according to the NPC criterion with a limited PB for the D/W/PV+B configuration.

Numerical experiments showed that the PB for investments in RESs for a given facility
was at least 4 years and it took place when a small number of PVPs was used and there
was no WPS. However, a WPS consisting of two WTs was already functioning as a part of
the HES. The change in the NPC and the PB for the HES, including two WTs and PVPs,
with an increase in the number of PVPs, is shown in Figure 6.

Figure 6. Change in the NPC and the PB for an HES, consisting of 2 WTs and PVPs, depending on
the number of PVPs.

Thus, with an increase in PVS power, the PB first decreased, after which it began to
increase, while the NPC monotonously decreased. Since the main criterion also remained
the NPC, we set certain values for the PB, for example, 5, 6, and 7 years.

The optimal parameters of the HES configuration with additional constraints in the
PB are given in Table 9.

Table 9. Optimal parameters of the HES configuration with the additional constraint of PB.

Config. PB,
Years

DPS WPS PVS BES
Rated Power, kW Number

of WTs
Power,

kW
Number
of PVPs

Power,
kW

Number
of Batt.

Capacity,
kWhDG1 DG2 DG3

D/W/PV(5) 5

240 140 70

2 450 1250 494 0 0
D/W/PV/B(6) 6 2 450 1910 754 460 414
D/W/PV(6) 6 3 675 1950 770 0 0
D/W/PV/B(7) 7 4 900 1800 711 800 720
D/W/PV(7) 7 5 1125 2000 1722 0 0

Table 10 shows the main HES performance indicators with a limited PB.

Table 10. Economic indicators of HES configuration with the additional constraint of PB.

Config. CAPEX,
Thousand EUR

OPEX (1-st Year),
Thousand EUR

NPC,
Million EUR

LCOE,
EUR/kWh

CO2,
t/Year

PB,
Years

D/W/PV(5) 1259.9 307.5 20.81 0.130 890 5
D/W/PV/B(6) 1760.2 280.0 19.54 0.122 770 6
D/W/PV(6) 1897.9 260.5 18.44 0.116 716 6
D/W/PV/B(7) 2509.5 235.2 17.47 0.109 576 7
D/W/PV(7) 2568.0 228.3 17.10 0.107 578 7
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The ratios of the main HES technical and economic indicators of configurations
D/W/PV+B, D/W/PV, and D/PV, as well as configurations with limited PBs, are shown
in Figure 7, all indicators on which were expressed in relative units and normalized.

Figure 7. The main HES performance indicators of some configurations with and without restrictions
on the PB.

Analyzing the results of the integration of RESs and BESS we can conclude that in
general, it allowed for an acceptable PB (6 years) to reduce the diesel fuel consumption and
increase the time of DG operation until the next overhaul by more than two times, as well
as to reduce the LCOE by 40%.

4.2. Size Re-Optimization with Load Shifting

The results of re-optimization of the HES size in the conditions of the Novikovo
settlement, taking into account the electrical load shift, are shown in Tables 11 and 12.
Table 11 shows the optimal HES size for the D/W/PV+B configuration taking into account
load shifting.

Table 11. Optimal parameters of D/W/PV+B configuration with and without electric load shifting.

Load
Shifting

Re-
Optimization

DPS WPS PVS BES
Rated Power, kW Number

of WTs
Power,

kW
Number
of PVPs

Power,
kW

Number
of Batt.

Capacity,
kWhDG1 DG2 DG3

no –
240 140 70

7 1575 2520 995 1480 1332
1 h. max + 7 1575 2520 995 1375 1238
2 h. max + 7 1575 2520 995 1295 1166

Table 12 shows technical and economic indicators of the considered configuration.
The last row of Table 12 shows the HES indicators with the load shifting system but in the
absence of size re-optimization.

Table 12. Technical and economic indicators of HES configuration D/W/PV+B.

Load
Shifting Re-Optimization CAPEX,

Thousand EUR
OPEX (1-st Year),
Thousand EUR

NPC,
Milliom EUR

LCOE,
EU /kWh

CO2,
t/Year

PB,
Years

no – 4106.7 190.5 16.16 0.101 328 9.2
1 h. max + 4059.7 189.3 16.08 0.101 332 9.1
2 h. max + 4024.1 189.3 16.03 0.100 336 9.0
2 h. max – 4106.7 188.2 16.04 0.100 322 9.12
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5. Discussion

The analysis of the results of re-optimization of HES size, described in Section 4.2,
showed that it became possible to reduce the size of the BESS. Note that in this case, with
the improvement of the other technical and economic indicators, there was a decrease in
the environmental performance, which may be associated with the reduction in the BESS
capacity. This result does not coincide with the result obtained in study [20]. However, that
work considered a hypothetical modified electrical load profile, obtained by significant
adjustments to match the RES power output profile, which explains the reduction in CO2
emissions. Given that the environmental and economic criteria usually contradict each
other, the situation with a decrease in the environmental indicator is quite possible, as
demonstrated in this work.

There was no increase in emissions in the HES configuration without BESS: for ex-
ample, the application of the proposed algorithm of load shifting (up to 2 h) in the HES
configuration D/W/PV+B led to an increase in fuel consumption by 3 t per year while
reducing all other costs. On the contrary, for the HES D/W/PV configuration, the same
algorithm reduced the fuel consumption by 4 t per year.

It should also be noted that the integration of the electrical load control system in
the absence of re-optimization improved all the considered HES indicators (however, the
minimum of the NPC objective function was not achieved).

The dependence of the relative decrease in the load power, not covered by RESs, on
the maximum share of the shifting load for any interval for two variants of the algorithm
implementation is shown in Figure 8.

Figure 8. Dependence of the relative decrease in the load power, not covered by RESs, on the
maximum share of the shifting load for two variants of the algorithm implementation.

Figure 8 allows us to conclude that with a constant (fair for any hour interval in the
year) possibility of shifting about 30 % of the electrical load in the conditions of the HES
under consideration, there was a large relative decrease in the power not covered by RESs,
reaching 1.25% for the algorithm with the shifting of 1 h and 2.1% for the algorithm with
the shifting of the operating time of 2 h. This led to savings in diesel fuel and changed the
optimal composition of the HM obtained without taking into account the electrical load
control.

6. Conclusions

The presented method of optimizing, the HES size, can be applied both at the stage
of the system design and at the stage of its operation when planning the equipment
replacement or the RES integration. The technique was applied to the conditions of a
remote Novikovo settlement, and the installed capacities of the PVS, WPS, DPS and BESS,
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at which the minimum NPC was achieved, were determined. Optimization was also
performed for configurations that did not contain one or more of the considered HES
components. In addition, the introduction of an additional constraint of PB was considered.
In general, the integration of RESs into an autonomous HES allowed, while maintaining
the PB at an acceptable level (6 years), to extend the service life of the DG more than two
times and reduce the LCOE by 40%.

The influence of the integration of electrical load shifting algorithm on the technical,
economic, and environmental performance of the HES was investigated. It was found that
when shifting the load operating for up to 2 h, the relative decrease in the load power not
covered by RESs was 2.1% and for up to 1 h—1.25%. It was established that the possibility
of shifting more than 40% of the power consumption of the time interval for the following
intervals practically did not affect the technical and economic indicators of the HES in the
conditions under consideration.

An assessment of changes in the optimal parameters of the HES when implementing
the electrical load control in the conditions of an autonomous HES in Novikovo was carried
out. With the full HES configuration D/W/PV+B, the use of the proposed algorithm of load
shifting led to the possibility of reducing the BES capacity by 12.5%, which improves all
economic indicators of the HES with a simultaneous reduction in environmental indicators.
It should be noted that at the preservation of CAPEX at the same level and absence of
reduction in investment in the BESS, there was a slightly smaller improvement of all
economic indicators, and also an improvement of an environmental indicator, but the
minimum of the NPC objective function was not reached.

On the one hand, further work consists of a more detailed development of algorithms
for the electrical load shifting, their linkage with the technical implementation of an
electricity demand response, consideration of different load shifting intervals, including
shifting at an earlier time [37–39]. On the other hand, it is expected to develop the part of
data preparation, in which the time series of an electrical load or meteorological parameters
can be used as the basis for models that allow obtaining synthetic graphs of any duration.
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Nomenclature and Abbreviations

BES battery energy storage;
CAPEX capital expenditure;
DG diesel generator;
DoD depth of discharge;
DPS diesel power system;
HES hybrid energy system;
LCOE levelized cost of electricity;
NPC net present cost;
OPEX operating expenditure;
PB payback period;
PVP photovoltaic panels;
PVS photovoltaic system;
RES renewable energy source;
WPS wind power system;
WT wind turbine.
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